Satellite panicum mosaic virus (SPMV) depends on its helper Panicum mosaic virus (PMV) for replication and spread in host plants. The SPMV RNA encodes a 17-kDa capsid protein (CP) that is essential for formation of its 16-nm virions. The results of this study indicate that in addition to the expression of the full-length SPMV CP from the 5-proximal AUG start codon, SPMV RNA also expresses a 9.4-kDa C-terminal protein from the third in-frame start codon. Differences in solubility between the full-length protein and its C-terminal product were observed. Subcellular fractionation of infected plant tissues showed that SPMV CP accumulates in the cytosol, cell wall-, and membrane-enriched fractions. However, the 9.4-kDa protein exclusively cofractionated with cell wall-and membrane-enriched fractions. Earlier studies revealed that the 5-untranslated region (5-UTR) from nucleotides 63 to 104 was associated with systemic infection in a host-specific manner in millet plants. This study shows that nucleotide deletions and insertions in the 5-UTR plus simultaneous truncation of the N-terminal part of the CP impaired SPMV spread in foxtail millet, but not in proso millet plants. In contrast, the expression of the full-length version of SPMV CP efficiently compensated the negative effect of the 5-UTR deletions in foxtail millet. Finally, immunoprecipitation assays revealed the presence of a specific interaction between the capsid proteins of SPMV and its helper virus (PMV). Our findings show that the SPMV CP has several biological functions, including facilitating efficient satellite virus infection and movement in millet plants.
Satellite viruses and satellite nucleic acids (satellite RNAs and satellite DNAs) represent a group of subviral nucleic acid molecules that require a helper virus for replication and movement (30, 31) . Satellite viruses differ from satellite RNAs and satellite DNAs in their capacity to direct translation of a cognate coat protein (capsid protein [CP] ), a structural component required for RNA packaging via virion assembly. Satellite viruses do not share significant sequence similarity with their helper virus. However, specific recognition by the helper virusencoded proteins, such as the replicase and movement proteins, necessarily dictates the involvement of cis-acting elements on satellite virus RNA; secondary structures are possibly responsible for such interactions. To date, four satellite viruses have been characterized in plants in pair-specific relationships with a helper virus (8, 30, 31) . A satellite virus in an invertebrate host has recently been reported as a coinfection with the virus of Macrobrachium rosenbergii, a nodavirus (36) .
Satellite panicum mosaic virus (SPMV) is completely dependent on its helper Panicum mosaic virus (PMV) (genus Panicovirus; family Tombusviridae) for replication as well as local and systemic spread in plants (29, 33, 34) . There is no significant sequence similarity between SPMV and PMV (34) . PMV virions encapsidate the positive-sense, single-stranded genomic RNA (3, 19) . The 4,326-nucleotide (nt) genomic RNA encodes six open reading frames (33, 34) and is the template for expression of the p48 and p112 proteins, both of which are necessary for PMV and SPMV replication (2) . The 26-kDa CP and three smaller proteins (p6.6, p8, and p15) are translated from a polycistronic subgenomic RNA. These proteins have been functionally implicated in local and systemic translocation of PMV (33) . Mixed infections of PMV and SPMV are synergistic, inducing severe symptoms on millet plants, including stunting and failure to set seed (29) .
A 17-kDa CP is expressed from the 824-nt plus-sense, singlestranded SPMV RNA (3, 19) . The CP is used to assemble 16-nm spherical satellite virus particles (19, 21) . As expected, SPMV CP has a high affinity for binding SPMV RNA, as shown by gel mobility shift assays (6) . In addition to RNA encapsidation, the SPMV CP is implicated in exacerbation of symptoms in millet plants (23, 24, 29) . The capsid protein also elicits symptoms on a nonhost plant, Nicotiana benthamiana (22) , a feature that may be related to the unconventional role of SPMV CP in regulating a suppressor of gene silencing (22) . SPMV CP is not essential for replication and systemic movement of the satellite virus RNA in millet plants (21) . However, the absence of CP expression stimulated the accumulation of SPMV-defective interfering RNAs, suggesting an additional role of the CP in maintaining SPMV RNA integrity (24) .
Several cis-active elements on the SPMV RNA are required for SPMV replication and capsid protein translation (21) . In particular, nt 63 to 104 on the 5Ј-untranslated region (UTR) were associated with host-specific spread of the SPMV. However, deletion of this segment also abolished wild-type CP expression (21) . The aim of this study was to investigate translation of the SPMV CP gene and to dissect the contribution of the CP and the 5Ј-UTR in SPMV infection.
We determined that 5Ј-UTR deletions had host-specific effects on movement, but these effects could be neutralized by the presence of the full-length 17-kDa SPMV CP. The results also showed that the SPMV RNA can direct the translation of a 9.4-kDa protein that initiates translation downstream and in frame with the authentic SPMV CP start codon. Subcellular fractionation of infected plant tissues showed that the 17-kDa CP accumulated in the cytosol, presumably the site of virion assembly, as well as with the cell wall-and membrane-enriched fractions. In contrast, the 9.4-kDa protein was exclusively found in cell wall-and membrane-enriched fractions. The CP was also shown to have the novel capacity for specific interaction with the helper virus capsid protein. The collective results indicate that the unique properties of SPMV CP facilitate and enhance satellite virus viability, including its spread and accumulation.
MATERIALS AND METHODS
Plants. Proso millet (Panicum miliaceum cv. "Sunup") and foxtail millet (Setaria italica cv. "German R") were grown in the greenhouse (30°C) or growth chamber (28°C, 14 h of light; 24°C, 10 h of dark). Typically, four millet plants at the three-leaf stage were mechanically rub inoculated by mixing equal volumes of uncapped RNA transcripts (ϳ5 g) and RNA inoculation buffer (34) .
In vitro transcription and in vitro translation. To obtain linearized DNA templates for in vitro transcription reactions, purified plasmids containing fulllength PMV cDNA were digested with EcoICR1, and plasmids carrying SPMV or mutagenized SPMV cDNAs were digested with BglII. In vitro transcription reactions were conducted as previously described (23) .
In vitro translation was carried out using the TnT-coupled system (Promega, Madison, WI) using wheat germ extract or rabbit reticulocyte lysate according to the manufacturer's instructions.
In planta [ 35 S]methionine protein labeling. Two weeks after germination, proso millet seedlings were rub-inoculated with a mixture of PMV and SPMV transcripts. At 5 days postinoculation (dpi) the plants were transferred to distilled water containing ϳ0.5 mCi of [ 35 S]methionine (Amersham, Piscataway, NJ). After 6 days of incubation in the presence of [ 35 S]methionine total proteins were isolated from the millet leaves and the extracts were subjected to immunoprecipitation as described below.
Immunoprecipitation. Immediately after harvesting, 1 g of leaf tissue was quick-frozen in liquid nitrogen and pulverized with a pestle in a mortar with 1.5 ml of ice-cold extraction medium {150 mM HEPES (pH 7.5), 0.5% Triton X-100, 0.2% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate, 150 mM NaCl, 1 mM EDTA, 2 mM dithiothreitol (DTT)} and a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). The homogenized plant material was centrifuged at 10,000 ϫ g at 4°C for 15 min. The resulting supernatant was used for immunoprecipitation.
A volume of 800 l of the extract was mixed with 2 l of PMV CP-or SPMV CP-specific rabbit polyclonal antibodies (34) and rotated for 2 h at 4°C, followed by the addition of 30 l ImmunoPure immobilized protein G agarose beads (Pierce, Rockford, IL). The samples were then incubated at room temperature for 2 h. The beads were washed six times with ice-cold extraction buffer, and the immunoprecipitated material was separated on sodium dodecyl sulfate-12% polyacrylamide gels by electrophoresis (SDS-PAGE) followed by autoradiography or/and Western blotting.
The specificity of anti-SPMV antiserum was verified by immunoprecipitation of [ 35 S]methionine-labeled capsid protein that was synthesized by in vitro translation of full-length SPMV transcripts. As a negative control for immunoprecipitation, preimmune antiserum was used for the pull-down assay. To suppress irrelevant background signals caused mainly by cross-reaction between primary and secondary antibodies after the pull-down assay, preconjugated primary and secondary antibodies were used to probe immunoblots after immunoprecipitation (16) .
Western blot assays. Protein samples were separated by SDS-PAGE in 15% polyacrylamide gels and transferred to nitrocellulose membranes (Osmonics, Westborough, MA). After transfer, the membranes were stained with Ponceau S (Sigma, St. Louis, MO) to verify protein transfer efficiency. The SPMV CP antibodies and PMV CP antibodies were diluted 1:2,000 and 1:5,000, respectively. Alkaline phosphatase conjugated to goat anti-rabbit antiserum (Sigma) was used as a secondary antibody at a dilution of 1:1,000. The immune complexes were visualized by hydrolysis of tetrazolium-5-bromo-4-chloro-3-indolyl phosphate as the substrate.
Site-directed mutagenesis. A QuikChange kit (Stratagene, La Jolla, CA) was ued for site-directed mutagenesis. SPMV/U-91 was generated by single-base insertion of uracil (U) (thymidine [T] in cDNA clone) immediately downstream of the first SPMV CP start codon at position nt 88 on the SPMV cDNA. SPMV/U-301 was derived from the SPMV/U-91 mutant with an additional insertion of uracil (U) (thymidine [T] in cDNA clone) immediately after the AUG codon at position 297. The SPMV-AUC mutant with substitution of the authentic AUG start codon at nucleotide 88 to an AUC codon was previously described (24) . The SPMV/UAA-234 mutant was constructed by replacing six nucleotides immediately upstream of the second AUG (underlined; nt 235), changing the SPMV sequence from 5Ј-AAGGGGAUG-3Ј to 5Ј-UGAUAAAU G-3Ј. All mutations were confirmed by sequencing the entire SPMV cDNA.
Construction of SPMV deletion mutants. Internal sequences from full-length SPMV cDNA clones were excised with selected restriction enzymes in various combinations, followed by Klenow treatment and ligation. Mutants SPMV/ ⌬SpeI-BamHI and SPMV/AUC/⌬SpeI-BamHI were generated by digestion of the full-length SPMV or SPMV/AUC cDNAs with SpeI and BamHI, respectively (Fig. 1A) . Construct SPMV/⌬BsmI-MscI was obtained by digestion of the fulllength SPMV cDNA with BsmI and MscI (Fig. 1A) . The insertion of a ClaI restriction site was performed by digestion with BamHI followed by a fill-in reaction with Klenow fragment for constructs SPMV/insertClaI and SPMV/ AUC/insertClaI. All constructs were verified by sequencing the entire SPMV cDNA.
RNA analyses. Total RNAs from 100 mg of inoculated or systemically infected leaves of millet plants were extracted at 14 dpi. The samples were pulverized in 1 ml of ice-cold extraction buffer (100 mM Tris-HCl [pH 8.0], 1 mM ETDA, 0.1 M NaCl, and 1% SDS) and extracted twice with phenol-chloroform (1:1, vol/vol) at room temperature. Total RNA was precipitated with 8 M lithium chloride (1:1, vol/vol) at 4°C for 1 h. The resulting pellets were washed with 70% ethanol, resuspended in RNase-free distilled water, and used for Northern blot hybridization. Approximately 10 g of total plant RNA was electrophoretically separated in 1% agarose gels and transferred to nylon membranes (Osmonics, Westborough, MA). PMV and SPMV RNAs were detected by hybridization with [ 32 P]dCTP-labeled PMV-and SPMV-specific probes, respectively (34) .
RESULTS
SPMV RNA directs synthesis of an alternative downstream in-frame translated version of CP. Immunoblot assays of proso and foxtail millet plants coinfected with PMVϩSPMV and in vitro translation assays of SPMV RNA typically include several SPMV CP-specific bands smaller than the full-length product ( Fig. 1 ). This observation was particularly evident when leaf extracts of infected foxtail millet plants were subjected to SDS-PAGE followed by immunoblot assays. The addition of protease inhibitor cocktail to the extraction solution did not prevent the detection of smaller protein bands extracted from PMVϩSPMV-infected leaf tissue (data not shown). The presence of four in-frame start codons on the SPMV CP sequence, at nt 88 (denoted as AUG1), nt 235 (AUG2), nt 297 (AUG3), and nt 364 (AUG4) (Fig. 1A) , raised the possibility that the lower-molecular-mass proteins might be authentic SPMV CP translation products.
To examine if the shortened N-terminal-truncated versions of CP were expressed by the mechanism of ribosome leaky scanning (13), full-length wild-type SPMV transcripts were translated in vitro and labeled with [
35 S]methionine (Fig. 1B) . Three proteins were detected (Fig. 1B) , and immunoprecipitation with antiserum specific to SPMV CP verified that they represented CP products (data not shown). The amount of the translated product from AUG2 was considerably lower in comparison with initiation of protein translation from the downstream-positioned AUG3 codon (Fig. 1B) . The absence of translation from AUG4 is most likely due to its relatively distant location from the 5Ј end of SPMV RNA.
To obtain additional evidence that translation can initiate from the downstream start codons AUG2 and AUG3 (Fig.  1A) , we suppressed the translational initiation of full-length VOL. 79, 2005 MULTIPLE BIOLOGICAL ACTIVITIES OF SPMV CP 9757 SPMV CP from AUG1. For this purpose, a frameshift mutation was introduced by insertion of a uracil (U) (thymidine [T] in cDNA clone) immediately after AUG1 at position nt 91 (SPMV/U-91 mutant), resulting in the generation of a stop codon at position nt 96. This resulted in efficient initiation of translation from AUG2 and an even higher level of translation from the AUG3 codon, likely by leaky scanning (Fig. 1B) . SPMV/U-91 transcripts were infectious, and in proso millet a 9.4-kDa truncated CP corresponding to translation initiation from AUG3 was detected (Fig. 1C) . The migration of CP products produced in vitro and in vivo was also verified by mixing in vitro-translated products with extracts from infected plants, followed by SDS-PAGE and immunoblot detection (not shown).
The protein predicted to be expressed from AUG2 was not detected in PMV-plus SPMV/U-91-infected proso millet plants (Fig. 1C) . The G-rich region surrounding AUG2 (GG GGAUGGGGG) might prevent or interfere with translational initiation from this codon in vivo. To test this, we replaced the authentic sequence (5Ј-AAGGGGAUG-3Ј) immediately upstream of AUG2 (underlined) with 5Ј-UGAUAAAUG-3Ј (SPMV/UAA-234 mutant). SDS-PAGE followed by Western blotting revealed the presence of an N-terminal-truncated version of the ϳ12-kDa SPMV CP in infected proso millet plants (Fig. 1C) . Interestingly, the immunoblot did not reveal the presence of the 9.4-kDa protein, and infected plants did not develop severe mosaic (not shown). These data indicate that preferential initiation of translation that occurred from AUG3, compared to AUG2, is most likely due to the unfavorable context surrounding AUG2. In vitro translation of capped and uncapped SPMV transcripts demonstrated identical patterns of protein synthesis in rabbit reticulocyte lysate and wheat germ extract (data not shown).
Differences in solubility and subcellular localization between full-length and the N-terminal-truncated version of CP. The extraction of CP from PMVϩSPMV-infected plants under native and denaturing conditions enables reliable detection of the SPMV 17-kDa protein by Western blot analysis. The 9.4-kDa protein expressed by SPMV/U-91 was not detected under native conditions (Fig. 2) , but the addition of 2% Triton X-100 to the extraction buffer allowed for its solubilization. The application of an anionic detergent (1% SDS) to the extraction solution also significantly increased the amount of protein detection by Western blot assay. Interestingly, and similar to the full-length CP protein extraction, the addition of SDS resulted in immunodetection of a second slightly higher-molecularweight protein, while Triton X-100 yielded a single protein band (Fig. 2B) .
To study how differences in solubility might direct SPMV CP subcellular localization, we fractionated protein extracts from PMV-and SPMV-infected proso (Fig. 3 ) and foxtail millet plants by differential centrifugation. We found that a considerable amount of SPMV CP was localized to the cytosol, but the greatest accumulation was observed in membrane-and cell wall-associated fractions (Fig. 3A) . Even more interestingly, the fractionation of extracts from plants infected with SPMV/ U-91 (expressing the 9.4-kDa C-terminal version of CP) showed that the protein was exclusively associated with membrane-enriched and with cell wall-enriched fractions (Fig. 3B) . Similar results were obtained for foxtail millet (not shown). These results suggest that cell wall and membrane cofractionation of SPMV CP is determined by the C-terminal portion of the protein. This would support a separate role for this region, which is in agreement with our finding that this truncated protein can be translated separately. The cofractionation of the capsid protein with the cell wall and membranes may indicate CP localization within these cell structures and designate protein involvement in systemic spread of the virus. To examine this possibility in some detail, we studied the effects of the protein expression on systemic accumulation of SPMV, as described in the following section.
Capsid protein facilitates SPMV RNA systemic accumulation in millet plants. Previously we reported that although SPMV CP deletion mutants were competent for replication and spread when coinfected with PMV, the titer was often greatly reduced (21) . From this we made a series of N-and Cterminal CP derivatives to more closely evaluate the contribution of the capsid in SPMV RNA systemic accumulation. The construct SPMV/⌬BsmI-MscI has a deletion from nt 248 to 456, representing the majority of the C-terminal region of the CP open reading frame (Fig. 1A) . Transcripts of this mutant were infectious, although the accumulation in the upper noninoculated leaves was host dependent (Fig. 4) . Foxtail millet plants accumulated significantly less SPMV/⌬BsmI-MscI RNA compared to proso millet (Fig. 4A ), yet the SPMV CP deletion did not have any profound effect on PMV accumulation (Fig.  4C) . This suggested that expression of the full-length CP (or at least its C-terminal part) is essential for efficient SPMV systemic spread in foxtail plants.
To examine more precisely the effect of CP inactivation, we introduced a double frameshift mutation (SPMV/U-301) on the SPMV cDNA. This fully suppressed SPMV CP translation, as was evident when transcripts were assayed by in vitro translation in both wheat germ extract and rabbit reticulocyte lysate (data not shown). As predicted, the SPMV CP was not present in plants infected with PMV plus SPMV/U-301 (Fig. 5A ). PMV RNA (not shown) and CP accumulation (Fig. 5A) were not affected by SPMV/U-301. SPMV/U-301 RNA was detected in the upper noninoculated leaves of proso and foxtail millet plants but at lower levels than for SPMV wild-type infections (Fig. 5B) . Interestingly, the amount of SPMV/U-301 RNA in the upper leaves was not host dependent, in contrast to the results for SPMV/⌬BsmI-MscI (Fig. 4) . The implications of these data are that the removal of portions of the SPMV RNA (as in Fig. 4 ) does not have a nonspecific beneficial effect on systemic accumulation of the virus, e.g., due to size-selective permeability of the plasmodesmata (compare results of proso millet in Fig. 4 and 5) . Moreover, SPMV CP, especially the C-terminal portion, significantly enhanced systemic accumulation of SPMV RNA (Fig. 5) , and this influence in conjunction with its RNA deletion is host specific (Fig. 4) . This implies that the 9.4-kDa protein (either as a component of the full-length CP or as a separate unit) contributes in a host-dependent manner to virus spread.
SPMV CP contributes to systemic movement in foxtail plants in association with the SPMV 5-UTR. It was found previously (21) that deletions from nt 67 to 104 (SP4) or nt 67 to 311 (SP5) on the SPMV genome did not affect systemic movement in proso millet plants, while the same mutations effectively impaired systemic movement of SPMV in foxtail plants. Since the deletions also removed the SPMV start codon at nt 88, translation of full-length SPMV CP was abolished. Thus, these circumstances raised the possibility of cooperative involvement of the SPMV CP and the 5Ј-UTR in systemic spread of SPMV RNA in foxtail millet plants. In order to examine this scenario, two sets of experiments were performed in parallel.
To ensure translation of the full-length version (17 kDa) of the CP, several mutants were constructed from the wild-type SPMV cDNA. A unique BamHI site, producing a silent mutation (20) , was introduced at nt 78 on the 5Ј-UTR. This permitted access to a small region from SpeI and BamHI (nt 63 to 78) for further manipulations (Fig. 1A) . The second set of mutants was constructed with SPMV-AUC, a construct that expresses an N-terminal-truncated version of SPMV CP (24) . Then, as in case with wild-type SPMV, a BamHI site was created at nt 78. Both SPMV/⌬SpeI-BamHI, based on wildtype SPMV, and SPMV/AUC/⌬SpeI-BamHI (from SPMV/ AUC) have a 15-nt deletion from SpeI to BamHI (Fig. 1A ). An insertion of 4 nt by digestion with BamHI at position nt 78 followed by Klenow treatment also creates a ClaI restriction site on mutants SPMV/insertClaI (wild-type SPMV backbone) and SPMV/AUC/insertClaI from the SPMV/AUC construct. Proso and foxtail millet plants infected with the 5Ј-UTR deletion and insertion mutants expressing the full-length SPMV CP were indistinguishable from wild-type SPMV infections. This was concluded from comparison of SPMV RNA and capsid protein expression with RNA and immunoblot analyses, respectively (Fig. 6A) . The deletion of the N-terminal end of the SPMV CP resulted in reduced RNA accumulation (Fig. 6B) . In Fig. 4 , a similar effect is shown in the absence of the C-terminal portion of the CP, and in Fig. 5 , when the expression of SPMV CP was (Fig. 6B ). In addition, we did observe a host-specific effect of the 5Ј-UTR modifications. For example, although the parental SPMV/AUC mutant (with an intact 5Ј-UTR) accumulated in the upper noninoculated leaves of foxtail millet, mutants containing 5Ј-UTR insertions and deletions (nt 63 to 78) did not accumulate systemically in this host (Fig. 6B) . Cumulatively, the data indicate that the capsid protein of SPMV facilitates systemic accumulation of SPMV in both proso and foxtail millet plants. However, the combination of CP truncation and the 5Ј-UTR modifications completely prohibited systemic accumulation of SPMV in foxtail millet plants.
SPMV CP specifically interacts with PMV CP. To examine interactions between the SPMV capsid protein and PMV-encoded proteins and to explore potential interactions with host proteins, we conducted pull-down experiments. For this purpose, in vivo [
35 S]methionine protein labeling of healthy and PMV-and SPMV-infected plants was followed by immunoprecipitation with SPMV CP-specific antiserum. Extracts of PMVand SPMV-infected proso millet leaf tissue subjected to this procedure yielded three proteins. Along with the expected 17-kDa capsid protein of SPMV, two other proteins with molecular masses of approximately 26 and 40 kDa were detected (Fig. 7A) . The precipitation of the ϳ40-kDa protein is most likely due to a nonspecific reaction with SPMV CP antibody or the protein-G agarose complex, because this protein was also readily detectable in extracts of mock-inoculated (healthy) proso millet plants subjected to immunoprecipitation assay (Fig. 7A) .
In extracts from proso millet plants infected with helper virus alone, the capsid protein of PMV was immunoprecipitated exclusively by PMV but not SPMV CP antiserum (Fig.  7B) . The 26-kDa protein was detected in plants coinfected with PMVϩSPMV, but not mock-inoculated plants. The molecular mass of the protein was identical to that of the capsid protein of helper virus (PMV). To confirm this, extracts of PMV-and SPMV-infected proso millet leaves were subjected to immunoprecipitation using, separately, SPMV CP and PMV CP antiserum. The immunoprecipitated material was then crossanalyzed by Western blotting with SPMV CP or PMV CP antiserum as a probe. Our results show that pull-downs with SPMV CP antibody coprecipitated PMV CP (Fig. 7C ) and vice versa: immunoprecipitation with PMV CP antiserum also revealed a cointeraction with SPMV CP after Western blot analysis (Fig. 7D) . These data clearly show that a stable interaction occurs between PMV capsid protein and the satellite virus CP. This offers the possibility that the host-dependent effect of SPMV CP on movement may be partially related to its interaction with PMV CP.
DISCUSSION
Initiation of translation in eukaryotes is regulated by several factors, including mRNA length, the 5Ј-UTR, secondary structure, and the nucleotide context surrounding AUG start codons (7, 11, 13, 17, 32) . Eukaryotic mRNAs generally adhere to the first AUG rule-in most cases, the AUG codon nearest the 5Ј end is the sole site of initiation of translation (13) . However, if the first AUG codon is positioned in a suboptimal context, initiation may also occur from the second AUG codon, producing two proteins (14) . Both cellular and viral mRNAs have been reported to produce two separately initiated proteins by context-dependent leaky scanning (15) . Our results show that the SPMV CP gene directs protein translation from the first (AUG1) and third (AUG3) start codons, both of which are in the same translational frame. The nucleotide sequence surrounding AUG1 (CUCCUGAUGG) is sub- optimal; the optimal sequence context for translational initiation is GCCRCCAUGG (R is a purine).
Our experimental results suggest that G-rich regions immediately upstream and downstream of the AUG2 may prompt the ribosome to scan to AUG3. This was the case in planta, although the AUG2-encoded protein was weakly translated in vitro. The C-terminal portion of the SPMV CP is associated with a severe symptom phenotype in infected millet plants (24) . Supportively, the results of this study revealed that the absence of 9.4-kDa C-terminal product expression in the case of the SPMV/UAA-234 mutant resulted in mild mosaic on millet plants compared to severe symptoms caused by SPMV wild type and SPMV/U-91, which are both associated with C-terminal protein expression. This may further indicate a separate role of the 9.4-kDa truncated CP product in SPMVassociated symptom modulation. Moreover, this phenomenon may be an effect of the biochemical properties of the C-terminal portion of SPMV CP, in that the 9.4-kDa protein associated exclusively with the cell wall-and membrane-enriched fractions of PMVϩSPMV-infected millet plants. Perturbation of host membranes may play a pivotal role in the mechanism of severe symptoms induction associated with PMV and SPMV, compared to the very mild mosaic associated with PMV infection alone. More detailed studies on protein subcellular localization are necessary to pinpoint the precise mechanism of the SPMV CP-mediated symptom modulation on millet host plants.
Recently it was shown that a satellite virus of Macrobrachium rosenbergii, a nodavirus that infects freshwater prawns, translates two proteins, a 17-kDa CP and an N-terminal-truncated 16-kDa protein (36) , from its plus-sense single-stranded RNA genome. Although the biological significance of this phenomenon remains unclear, Widada and Bonami (36) noted that the N-terminal domain of all satellite virus capsid proteins have a common motif containing hydrophilic amino acids and a positively charged arginine. This observation, along with data presented in the current work, suggests that the N-terminal domain of CP facilitates protein solubility, and as a result it is localized to the cytoplasm, where virions are assembled.
In addition to virion assembly, capsid proteins may contribute to other virus-related biological activities, including replication, symptom modulation, cell-to-cell movement, and systemic spread (4, 10, 35) . For example, the Brome mosaic virus CP is essential for systemic and cell-to-cell movement, and this requirement is host specific (9, 20, 27) . The very closely related Cowpea chlorotic mottle virus capsid protein is not required for cell-to-cell movement (26) . However, Cowpea chlorotic mottle virus CP is essential for systemic spread (1), although virion formation is not (28) . Rod-shaped viruses such as Potato virus X (5) and Beet necrotic yellow vein virus (25) also require functional CP for systemic movement in plants.
The data presented in this paper demonstrate that SPMV capsid protein facilitates systemic spread of this satellite virus. The suppression of CP translation, with frameshift and deletion mutants, significantly decreased the accumulation of SPMV RNA in upper, noninoculated leaves of plants. Moreover, the results of this study also show that SPMV CP in association with a small portion of the 5Ј-UTR facilitates systemic SPMV RNA accumulation in a host-specific manner. The subcellular cofractionation of SPMV CP to membraneand cell wall-enriched fractions suggests a functional involvement as a movement-associated protein in systemic spread of the satellite virus.
It remains to be resolved why in foxtail millet the expression of the N-terminal domain of SPMV CP compensated for deletions or insertions of nucleotides in the 5Ј-UTR, while in proso millet the same mutations did not impair SPMV systemic spread regardless of the presence of CP. Interaction with viral RNA is another characteristic biochemical feature associated with movement proteins of plant viruses (12) , one that we have also reported for SPMV CP (6) . Perhaps systemic spread of SPMV in foxtail millet requires an interaction between the 5Ј-UTR and N-terminal region of the capsid protein. In contrast, the lack of such an interaction in proso millet may be provided by as-yet-unidentified host, biochemical, and/or physiological factors.
Alternatively (or in addition), the compensatory effect of CP on SPMV systemic translocation in foxtail millet may involve a specific CP interaction with the capsid protein of the helper virus (PMV), while such interaction is not essential for systemic movement in proso plants. In support of this hypothesis is our observation that coprecipitation of PMV capsid protein using SPMV CP antiserum was detected exclusively when fulllength SPMV CP was expressed in infected plants (not shown). The absence of interaction between the 9.4-kDa truncated SPMV CP and the PMV CP may lead to explanations for the decreased amount of SPMV RNA accumulation in upper leaves of proso and foxtail millet infected with SPMV/AUC mutants versus wild type (Fig. 6) . The wild-type CP may also protect the RNA from degradation via efficient RNA packaging and virion formation. Overall, the mechanism of hostspecific systemic spread of SPMV likely involves a complex cross-specific interaction between SPMV RNA, host factors, and movement proteins of the helper virus. SPMV RNA may direct synthesis of N-terminal-truncated proteins as accessory factors to enhance SPMV infectivity, including replication and movement, by directing the RNA to the cell wall and membranes.
In summary, our results indicate that multifunctional features of SPMV CP are essential to sustain its robustness when supported by a PMV infection in a host plant. The specific associations between PMV and SPMV capsid proteins suggest that important molecular interactions occur between the satellite virus and helper virus in the plant. It is noteworthy to mention here that the previously documented pattern of subcellular localization of PMV CP (33) is strikingly similar to results presented here on fractionation of SPMV CP at subcellular level. Interestingly, a recent study showed that contaminating virions of SPMV are incorporated into PMV crystals by insertion into the interstices between PMV virions in the crystal lattice (18) . Is colocalization of PMV CP and SPMV CP important for SPMV (and PMV) movement? At the very least SPMV RNA must be in proximity to the PMV replicase proteins; perhaps the SPMV CP acts as a guide for intracellular localization.
